This paper describes a set of measurements performed in five existing cells in the Toronto area, in order to assess the impact of multi-path propagation on the performance of the CTIA IS-54 digital standard. A sweeping correlator apparatus with a 0.1 ps resolution and 910 MHz carrier frequency was used. Generally, our measurements exhibit multi-path propagation with considerably smaller excess delays than some reported recently but are consistent with earlier results obtained in the U.S. and Europe. In view of our results, it appears that the long delay (high selectivity) problem has been somewhat over-emphasized in the past, at least for areas like Toronto. Problems associated with short delays (flat fading), on the contrary, appear to have been underestimated, although these would be typical in any dense urban environment.
INTRODUCTION
The main difficulty with the mobile radio channel is that in a typical environment the signal propagates along a set of multiple paths with different transmission delays. This results in the signal interfering with itself. The interference pattern consists of points of maximum and minimum received signal power (constructive and destructive interference).
In order to illustrate some of the problems encountered in the fading environment, let us consider a propagation model with two equal-power compG nents, that could approximate the case of a vehicle traveling toward a large, reflecting wall. The impulse response of such a channel, assuming perfect reflection from the wall, would be h(t) = 6 ( t ) + 6(t -T).
In terms of equalization this represents a worst case fading channel [l] . The magnitude of the transfer function of this channel (at a k e d point) is periodic, with the separation between spectral nulls equal to error rates. With a good equalizer the system may be designed so that for large T, the SNR at the output of the equalizer is greater than 70. As the excess delay decreases the effect of the equalizer decreases to the point where it becomes ineffective. For small delays the advantage in using an equalizer becomes significant only in the vicinity of deep signal nulls which are typically present in only a few of the set of channels at a given time. Outside of these nulls (i.e. in most of the channels) the equalizer has little effect on the effective SNR.
In channels with deep nulls the equalized signal has a much larger SNR than the unequalized signal, however it is possible that in these cases the SNR of the equalized signal is still below the threshold required to prevent channel outage. This all depends on the fading margin used in the system design, that is the level in signal strength below the nominal value for which the link is still operational. As the fading margin is increased the benefits of using the equalizer increases. However, a system with a large fading margin is inefficient. For large excess delays, an equalizer is very beneficial, and the system may have a small fading margin and still achieve the low error rates. 
I
The measuring method is essentially the same as the one introduced by Cox [2] more than twenty years ago, and involves transmitting a BPSK signal modulated by a maximal-length PN sequence, and using a "sliding" correlator receiver. The actual apparatus is a modification of a system used previously in propagation measurements for some micro-cellular urban and indoor radicxhannels, described in [3] . The only differences come from the use of a IOMHz, 511 bits long PN sequence, which was phase-modulating the carrier at 91OMHz. This resulted in a temporal r e s olution of 0.1 ,US, with the unambiguous delay-span of 5 1 . 1~~. The carrier and PN sequence clock f r s quencies were phased-locked to rubidium frequency standards, so that the phases of the multipath echo components could be evaluated as well.
During the measurements, the transmitting omni-directional antenna was placed on the actual base stations, near the existing cellular antennae. The cell-site building heights were between 18 and 28 floors. The receiver was mounted in a van, which was driven throughout the cells, along preassigned routes ("runs"). A typical "run" spanned one street within the cell, and the successive measurements were spaced by 30-100m, depending on the location, resulting in 50-100 measurements per "run". Uniform spacing was insured by a distance measuring wheel. To avoid operator-induced biases. operators were instructed to stop the van completely and take the measurement, regardless of what the signal at the particular location looked like.
After data collection, the results were processed in order to eliminate the background thermal and man-made noise ("thresholding"). Unlike the measuring apparatus itself, the "thresholding" procedures have not been much discussed in the past, although it is known that different algorithms can result in significantly different results on basically the same data [4] . In the present measurements, the "thresholding" technique was based on median filtering and non-linear averaging. It was found to perform very well against the thermal noise and impulse interference, resulting in less than one false alarm (false echo) per 100 measured delay profiles, independently of the SNR. The average probability of dismissing a valid echo with the relative amplitude -15dB with respect to the largest multipath component was less than 10-3. Figure 2 . The measurement was taken at the south-east corner of the intersection of Yonge Street and Front Street, in the heart of downtown Toronto, in a cell with lkm radius.
The channel response in the spectral domain is depicted in Figure 3 , obtained via the Fourier transform of the complex power-delay-profile. As explained in Section 1, due to the relatively small delay spread this channel is not too selective, although the variations appear to be quite large at first glance: for instance, in the range (-300, +300)kHz, the variations are actually much smaller than in the same range in Figure 1 (for T = 1 . 3 3 ,~~) .
Among the 330 channels (only a portion of the available spectrum is shown in Figure 3 , for clarity), the median in-channel 3.4.2 variation was only 2.ldB, and the worst case variation was 1l.ldB. Due to the essentially flat fading, the variation of the total integrated power in the channel is larger, and the extremum was found to be -20.4dB. This plot can be viewed as an array of the (normalized) power -(absolute) delay 2 profiles, arranged horizontally as they were taken along the run. Such plots appear to be very illustrative since the main component and numerous farther away echoes can be traced as the van travels throughout the cell. We found them to be extremely helpful in identifying the major reflectors along the route.
RESULTS AND DISCUSSION
Five existing cells were extensively scanned: two in downtown Toronto (cell radii lkm), two in the suburbs (2km) and one at the outskirts of the city (currently having a radius of 4km). The last cell could be considered as a mixture of typical rural environment (north part) and suburban (south part of the cell). One downtown cell was classified as dense urban, and the other as urban environment. In total, 38 runs as described in the previous section have been made, with 2576 delay profiles collected.
In urban cells, the results given for the run along Yonge St. are typical, i.e. almost homogeneous array of multi-path components can be observed up to the excess delays of about 5 ps, with very few echoes with excess delays larger than lops. The distribution of the resulting rms delay spreads (for the definition, see e.g. [5] ) is given in Fig. 5 . The fading is essentially flat over the 30kHz bandwidth. We note that the median of the r m s delay spread obtained in our measurements is smaller than what is somewhat considered to be typical in urban environments. Namely, due to the numerous large reflectors, numerous multipath components were recorded, but at the excess delays too small to yield significant n s spreads. The absence of long delays, which would induce larger spreads and increase selectivity, can probably be explained by the fact that the same large reflectors in the vicinity that cause the small delay echoes act as very effective obstacles to the potential far-away multi path components.
In the suburban and suburban/rural cells, the multipath components tend to be less numerous in general, due to the smaller number of potential reflectors. Quite often just two or three multipath components could be resolved. However, a combination of existing large reflectors (hills, large buildings) and 82
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large "open" spaces results in a sporadic rise of far away echoes with considerable amplitudes. Although the median rms delay spread values is smaller than in urban cells , the maximal spreads are considerably larger, ranging up to 7ps.
The longest echo in this set of measurements was found in one of the suburban cells, located on the busiest highway in Toronto area (Hwy 401). Its absolute delay was 33 ps, and the excess delay was 28 ps, but this is not likely to affect the system performance as the amplitude of that component was only -17dB with respect to the strongest one.
Since the performance of the narrow-band digital system depends both on the delays and amplitudes of the multipath components, it is very difficult to relate the SNR or bit-error-probability to one single parameter of the delay profile. Although very handy for comparison purposes, the rms delay spread is no exception in that respect, because neither the quadratic weighting of the excess delays, nor the linear weighting of the powers in the components would be too illustrative for digital modulation schemes. For instance, a component with the relative level -20dB and excess delay of 100 ps would have approximately the same contribution to the total nns delay spread as the 10 ps delay component with the power equal to the power of the largest component. Since the -20dB component would hardly effect the performance, it is quite obvious that some form of nonlinear power weighting would be preferable.
Although several parameters have been proposed so far in order to better reflect the performance of the equalized digital system on a given power-delay profile [6] , here we chose to show a very simple parameter, which we call profile-width (PWq). For a given level p < 1, it is defined as the maximum excess delay among all components with the normalized power level above q (a very similar parameter has also been used in [5, 71) .
The parameter PWq is quite useful for discussing the non-equalized system performance. For instance, following the conventional wisdom that an equalizer is not needed if all the significant multipath components are within 10% of the symbol period [l], from Fig.6 we see that the equalizer would not be needed in about 90% of the Toronto locations (slightly more if "insignificant" is defined as -20dB in respect to the largest component, slightly less if the limit is assumed to be -10dB). Analogously, if the equalizer is assumed to be mandatory for the spreads larger than 20% of the symbol period, then we find that such situations exists in about 3 percent of the observed locations. Furthermore, based on Fig.6 we could conclude that the CTIA requirement for the equalizer to handle the delays up to 40ps would be much over-specified for an area like Toronto: in our measurements, excess delays of more than 120 ps would have to be equalized only in about 0.1% of the locations surveyed.
SHADOWING EFFECTS
In one of the suburban cells (Highways 401 and 427, Fig. 8 ) , the measurements were repeated using the existing cellular system antenna (60 degrees beamwidth tilted antenna). Since it iliuminated much fewer reflectors than the omni-directional one, it was expected that the delay spreads would decrease. Indeed, the nns delay spreads were found to decrease by about 30% in all runs, except in the run along Eglinton Ave., where the worst results had more than two times larger spreads. The largest rms delay spread (8.6 ps) in the campaign was also recorded there.
Upon carefully inspecting the data, it was found that practically all the delay spreads decreased considerably, except for the first 15 results in the run, which were taken very close to the cell site. This can be verified from the contour plots given in Figure 7 .
From Figure 7 we see that most of the echoes have really disappeared when the sectored antenna was utilized. However, the far-away echoes with the excess delays of about 22 ps became very pronounced, resulting in a large increase in the delay spreads. On the other hand, from Figure 8 , where the west part of the Widdicombe cell is shown, it can be seen that the large echoes with the excess delay of about 2 2 p s are coming from the hilly region around Ski Hill, which happens to be the main source of long echoes in this cell. Furthermore, it can be verified that these same echoes existed in the measurements done with the omni-directional antenna as well, but were relatively much weaker. Upon inspecting the amplitudes of the detected components, the absolute level of long delay echoes was found to be about the same in both cases3. The absolute level of the direct components, however, were reduced by about 15dB with the sectored antenna. This artificial shadowing effect is understandable when we note in Figure 8 that it was just before these locations that the van crossed the sector border. Thus, the signal was attenuated because of the lower antenna gain and heavy shadowing by the base-station building itself. From this example we clearly see that even with small receiver-transmitter range, comparatively faraway echoes are always possible in the presence of a large reflector, if only the main signal path becomes heavily obstructed. With larger cell radii, i.e. larger possible ranges, this same effect would produce larger absolute delays. If scaled to a cell radius of 4km, instead of 2km, this same example would result in the 3This is reasonable since the higher antenna gain was compensated by the smaller transmitter power (the power WBS r e ducedkom 1OW to 5W for the sectored antenna), and by slanting (the hilly region was within the azimuth illuminated by the sectored antenna). delay of 45 ps, for the radius of 8km the delays would be 90 ps, etc. Furthermore, assuming the excess delay to be held constant, the relative power of the far-away echoes will typically increase with increasing cell size. i.e. with an increase in receiver-transmitter range. This can be deduced from the fact that for a constant excess path length, the relative differences in the path lengths decrease as the direct path length increases.
We note that the increase of the delay spreads with distance has been verified experimentally in [SI (high correlation was found between the nns delay spread and average delay, the latter parameter being closely related to the transmitter-receiver distance). Similarly, in [6] high correlation between the nns delay spread and the total path loss was demonstrated. which takes into account both the distance and shadowing effects. We have also examined the correlation between the mas delay spread and shadowing. The results show a ten fold increase in the mean rms delay spreads when the excess path loss changes from -25dB to 25dB (heavy shadowing). The details will be given elsewhere.
CONCLUSION
In the present measurements in Toronto area, we found that the urban cells are characterized by many multi-path components but generally with excess delays up to 5ps, yielding the m s delay spreads up to 3 ps. Smaller mean delay spreads were found in suburban cells, but the variability appears to be much larger, resulting in delays spreads up to 7ps. The multipath components in suburban areas in general tend to be less numerous, but echoes with delays up fo 33 ps were recorded. We have also found that an equalizer would not be needed in about 90%, and would be mandatory in about 3% of the measured locations. When necessary.
however, the delay span that has to be equalized is less than 2Ops in all but 0.1% of the locations.
In general, these results show that the Toronto area exhibits much less hostile propagation characteristics than expected after similar measurements which were taken in four U.S. cities [5] . Relatively favorable results obtained this time are partly to be attributed to the favorable propagation conditions in the essentially flat Toronto area, but also to the fact that the measurements were taken in real, existing cells. This resulted in smaller link distances and smaller shadowing than may be the case in a non-cellular environment.
Our results, however, appear to compare rather favorably with most of the measurements performed before 151, like the measurements in U.K. by Bajwa and Parsons [8] , in New York City by Cox and Leck [9] , and in Holland by Van Rees [lo] . These where all taken with transmitter-receiver ranges less than 3km. Our results appear to be consistent even with the more recent measurements in four European cities [7] by the same authors as in [5] .
Based on the example in Eglinton Ave, we have shown that it would be possible to find very large delay spreads in Toronto as well (appropriately scaled down to account for the smaller cell size), but such situations would be atypical, and could be avoided or diminished by standard cellular engineering techniques (sectorization, careful selection of antenna patterns and pointing angles, and in some instances by introduction of new cells). In view of the results of our measurements, it appears that the long delay problem is not prevalent in area like Toronto.
On the other hand, dense urban areas like downtown Toronto will suffer from problems with short delays which lead to relatively flat fading. Unless a large fading margin is employed, the equalizers appear to be quite ineffective in these situations. However, systems with large fading margins are inefficient. It might be argued that the problem is similar to the one in present analog FM systems which are in the same sense also inefficient; but a digital system with large fading margins is much more so, because of the sharp thresholds inherent to digital modulations with powerful FEC and voice coding. It is our feeling that some other techniques such as antenna diversity or intr&cell handoff, should be considered in order to circumvent this problem.
